Objective: The aim of the study was to determine whether derangements in insulin pulsatility are related to the presence of insulin resistance or whether these changes occur only in non-insulindependent diabetes mellitus (NIDDM).
Introduction
It is well known that insulin is secreted in a pulsatile manner (1, 2) . Irregular insulin secretion has been reported in non-insulin-dependent diabetes mellitus (NIDDM) and in 1st degree relatives of both NIDDM and IDDM patients (3) (4) (5) (6) . A finding common to NIDDM and obesity is reduced insulin sensitivity (7) (8) (9) . Reduced insulin sensitivity has also been correlated with an increased detected pulse frequency (10, 11) . Accordingly, impairment of pulsatile insulin secretion would be present in states with reduced insulin sensitivity, regardless of the cause of the reduction in sensitivity. Therefore, secretion disturbances should be present both in NIDDM and insulinresistant obese subjects, but absent in insulin-sensitive obese subjects. The rationale of the present study was to determine whether alterations in the insulin secretory profile (pulsatility) are related to the presence of insulin resistance or whether these changes occur only in states of glucose intolerance and NIDDM.
Materials and methods

Subjects
Studies were performed in 26 obese, 11 NIDDM subjects and 10 non-obese healthy subjects (control). Diabetes was diagnosed according to American Diabetes Association criteria (12) . The obese group was subdivided into a low fasting plasma insulin group (mean insulin <20 mU/l -upper limit of normal range, OLI, 14 subjects) and a high fasting plasma insulin group (mean insulin >20 mU/l -upper limit of normal range, OHI, 12 subjects) depending on the mean level of insulin concentration in samples obtained for pulsatility analysis (46 samples). Inclusion criteria for the obese subjects were: (i) body mass index (BMI) greater than 28 kg/m in 1st degree relatives. Inclusion criteria for NIDDM subjects were: (i) negative urinary ketones, (ii) normal renal and liver function tests, (iii) no intercurrent disease in the last three weeks, (iv) no signs of other endocrine dysfunction, (v) not taking any drugs. All NIDDM subjects were treated with diet alone or were newly diagnosed. Inclusion criteria for the control group were the same as for the obese group except that BMI was greater than 19 and less than 24 kg/m 2 and that the mean level of insulin concentration in samples obtained for pulsatility analysis was less than 20 mU/l. The metabolic and clinical characteristics of the study groups are detailed in Table 1 . Representative insulin profiles are presented in Fig. 1 . A local ethical committee approved all studies. All subjects gave informed consent.
Study protocol
Subjects were admitted to the Institute of Endocrinology, Belgrade School of Medicine. They consumed standardized isocaloric meals (25-30 kcal/kg), composed of 55% carbohydrate, 30% fat and 15% protein over the 48 h before the study. After a 12-h fast, blood was sampled for insulin determination. An indwelling venous catheter was placed in the antecubital vein. Sampling started at 08.00 h, and lasted for 90 min with an intersample interval of 2 min. Blood was collected using a plastic syringe, and transferred to plain glass tubes. Heparin was not used. Before taking a blood sample, 0.2 ml (catheter volume) was taken with another syringe and discarded. The glucose samples were measured immediately after sampling, while insulin samples were frozen at -20 ЊC until assayed (maximum time frozen one week).
Pulse analysis
Pulse analysis was carried out using the PulsDetekt program that is based on the deconvolution of secretory and metabolic events. Details of the PulsDetekt program algorithm are given in the Appendix.
PulsDetekt program validation
Simulated series To validate the PulsDetekt program 135 synthetic time series were generated by computer simulation with the following characteristics: (i) increase in hormone concentration followed by monoexponential decay, (ii) sampling length 90 time units, (iii) intersample interval 0.1 time unit, (iv) halflife of monoexponential decay 8 time units, (v) pulse amplitude of 10, 20, and 40 units with a coefficient of variation of 20%, (vi) interpulse interval of 6, 10 and 15 time units with a coefficient of variation of 20%, (vii) normally distributed noise, 5, 10, and 20% of series value at a given point in time. Each series was resampled to intersample interval of 1, 2 and 3 time units, thus generating 3 new series. The PulsDetekt program correctly predicted synthetic series parameters (half-life, number of pulses, interpulse interval and pulse amplitude). The program also proved to be robust to noise increase, but a reduction in the sampling rate from two to three units led to a significant increase in the false negative rate (false positive rate: 0.00% at noise level 5% and sample interval 1 unit to 0.49% at noise level 20% and sample interval 3 units; false negative rate: 0.00% at noise level 5% and sample interval 1 unit to 13.58% at noise level 20% and sample interval 3 units).
Validation in vivo Our method of pulse detection was validated by the assessment of insulin concentration profiles during suppression of the endogenous insulin secretion. To simulate pulsatile secretion insulin was given in i.v. boluses. Four healthy subjects were included in the study. Suppression of endogenous insulin secretion was achieved using octreotide, 0.5 mg/min, preceded by 25 mg bolus (13) . Blood was sampled for 90 min with an intersample interval of 2 min. The octreotide bolus was given at time 0, and the continuous infusion was given during the whole sampling period. At 30, 40, 50, 60, 70 and 80 min 72 mU insulin (Actrapid HM, Novo Nordisk, Bagsvaerd, Denmark) boluses were given into a cubital vein, contralateral to the sampling one. The insulin bolus was calculated to give a pulse amplitude of about 10 mU/l. Detected insulin pulses were assessed for temporal correlation with the pulses of exogenous insulin. From 30 min of sampling only exogenous pulses were detected. All but one pulse of exogenous insulin were detected (false negative: 1 (4.2%); false positive 0). On visual inspection (subject 2) at the time point where the undetected pulse was expected only a small increase in the insulin concentration was found (1.4 mU/l) which was not significant enough to be detected as a pulse (Fig. 2) .
Assays
Glucose was determined using a Beckman glucose analyzer. The precision of the glucose determination was 0.17 mmol/l. Insulin was determined using a radioimmunoassay (INEP, Zemun, Yugoslavia). All samples from one subject were processed in the same batch. The intra-assay coefficient of variation was 5.8%. The minimal detectable concentration of insulin was 1 mU/l.
Data analysis
Approximate entropy Approximate entropy (ApEn) analysis was used to quantify the degree of randomness of insulin secretion (14) . ApEn determines the likelihood that a certain secretory pattern will be the same throughout the sampling period, although the pulses contained in that pattern can be irregularly spaced.
ApEn is a relative measure of system randomness, and a higher approximate entropy value represents higher system randomness. Approximate entropy was computed according to the program described by Pincus Interpulse interval deviation Interpulse interval deviation (IpID) is the deviation from expected interpulse interval (EIpI) if all the pulses were perfectly regularly spaced. It was calculated according to the following equation where n is the total number of samples and i is a sample indexing term:
The EIpI was calculated as the time between the first and last detected pulse divided by the number of interpulse intervals.
Insulin sensitivity quantification To quantify insulin sensitivity, homeostasis model assessment (HOMA) was used. HOMA is a mathematical model of insulin/glucose interactions that estimates a set of insulin sensitivity and b-cell function that is expected to give the fasting glucose and insulin concentrations observed in the subject.
Results are expressed as a percentage of the values found in a reference population (young, fit subjects with an ideal body weight) (17, 18) .
Statistical analysis
Statistical analyses were carried out on all four groups (control, OLI, OHI, NIDDM), in aggregated groups (non-diabetic vs diabetic), and in all subjects, to assess the influence of insulin sensitivity and diabetic state of the subject. Groups were compared using ANOVA. For variables with unequal variances the Welch procedure was used. For multiple comparisons the Games-Howell and Dunnet test were used. The Pearson correlation was used to assess correlation between variables. Multivariate regression and partial correlation were used to assess influence of multiple variables (19) . The results are expressed as means Ϯ standard deviation (S.D.). P values less than 0.05 were considered to be statistically significant.
Results
Insulin sensitivity was similar in the OLI and control groups. Insulin sensitivity was also similar in the OHI and the NIDDM groups. However, insulin sensitivity was significantly lower in the NIDDM and OHI groups than in the OLI and control groups. The b-cell function measured by HOMA was impaired in the NIDDM compared with the other three groups ( Table 1) .
The insulin half-life in peripheral circulation determined by the PulsDetekt program did not differ between the groups (control 10.20 Ϯ 3.56; OLI 9.03 Ϯ 4.61; OHI 8.79 Ϯ 4.79; NIDDM 8.01 Ϯ 4.70 min). However, insulin pulse amplitude was significantly smaller in the control and the OLI group compared with the other two groups (control 5.37 Ϯ 1.97, OLI 5.56 Ϯ 2.92, OHI 13.26 Ϯ 5.08, NIDDM 13.38 Ϯ 7.11 mU/l). There was no difference in insulin pulse amplitude between the OHI and the NIDDM groups. The number of detected pulses was increased and therefore the calculated interpulse interval was significantly shorter in the NIDDM and the OHI groups compared with the control group (number of pulses per 90 min: control 9.60 Ϯ 1.84, OLI 11.21 Ϯ 3.02, OHI 12.75 Ϯ 1.48, NIDDM 13.82 Ϯ 1.47; interpulse interval: control 9.72 Ϯ 2.08, OLI 8.72 Ϯ 3.02, OHI 7.08 Ϯ 0.87, NIDDM 6.53 Ϯ 0.62 min). In respect to these parameters the OLI and the control group did not differ ( Table 2 ).
In the analysis of all subjects, as well as in that of aggregated groups insulin pulse amplitude and the number of insulin pulses were correlated with insulin sensitivity (pulse amplitude: all subjects r = -0.678, P<0.001, non diabetic group r = -0.694, P < 0.001, NIDDM group r = -0.700, P = 0.017; number of insulin pulses: all subjects r = -0.473, P = 0.001, non-diabetic group r = -0.354, P = 0.039, NIDDM group r = -0.642, P = 0.033).
ApEn and IpID were used as measures of randomness of insulin secretion. Lower values of ApEn and IpID indicate more regular secretion. All measures of insulin pulse regularity (ApEn, normalized ApEn and IpID) were significantly higher in the OHI and the NIDDM groups compared with the control group. The control group and the OLI group did not differ. There was no significant difference in measures of insulin pulse regularity between the OHI and the NIDDM groups (Table 2) .
To evaluate the possible impact of age on regularity of insulin pulses multiple regression of measures of randomness vs age, mean glucose level and mean insulin level was performed. All subjects were included in the analysis. Age and mean glucose level did not significantly influence any of the measures of insulin pulse regularity.
ApEn and normalized ApEn were significantly negatively correlated with insulin sensitivity, both in all subject analyses and in the aggregated groups analysis. However, IpID was significantly correlated with insulin sensitivity in all subjects analysis and in the non-diabetic group analysis, but not in the diabetic group analysis. Controlling correlation for blood glucose did not change the significance of any of the studied relations (Table 3 and Fig. 3) .
Discussion
In the present study, we sought to determine whether alterations in the pulsatile secretion of insulin are related to the presence of insulin resistance or whether these changes occur only in states of glucose intolerance and NIDDM. We chose to compare insulin sensitive (control and OLI) vs insulin resistant (OHI and NIDDM) subjects in order to demonstrate the effect of insulin resistance per se on the regularity of high frequency oscillation of the insulin secretion. A deconvolution Table 3 Correlation coefficient (first row) and partial correlation coefficient (controlled for glucose) (second row) with insulin sensitivity.
Insulin sensitivity
All subjects Non-diabetic subjects NIDDM subjects based on the pulse detection program PulsDetekt was used to obtain a series of noise-free insulin pulses. Secretion randomness of those series was determined using two different measures of secretion irregularity (ApEn and IpID). The insulin half-life determined in this study was comparable to previously published data, where it was determined by a range of different methods (20) (21) (22) . The frequency of insulin pulses found in the present study was higher and the interpulse interval was shorter (non-diabetic group 11.3 Ϯ 2.5 pulses/90 min; 8.4 Ϯ 2.4 min) than some older studies (interpulse interval 11-13 min) (1, 3, 4) , and similar to more recent studies (number of insulin pulses 11.8 Ϯ 0.9 per 90 min; interpulse interval 4.1 to 6.5 min) (10, 23) . Probably the principal cause of this difference is the pulse detection methodology. Earlier studies used autocorrelation or spectral analysis, while more recent studies, including ours, used heuristic methods of pulse detection. Autocorrelation and spectral analysis are not suited for hormone series analysis due to the assumption of absolutely regular pulses and lack of resolution and precision for short time series. Spectral density function of a noise-free series sampled at 1 min for 150 min would have a resolution of about 5 min at 95% confidence level (24) . Heuristic methods make no assumptions on pulse regularity and are not dependent on sampling length.
In the previous studies a strong correlation (r about ¹0.7) was found between insulin sensitivity and the number of insulin pulses in healthy and NIDDM persons (10, 11) . We found a smaller but significant correlation between the insulin sensitivity and the number of insulin pulses (all subjects r = -0.473, P = 0.001; non-diabetic r = -0.354, P = 0.039; NIDDM r = -0.642, P = 0.033). The difference between our and previous studies could be due to different methods of pulse detection or to the different methods of insulin sensitivity determination. In previous studies insulin sensitivity was determined using the glucose clamp technique. Results from the insulin clamp are expressed in absolute units, while HOMA results are expressed in relative units.
We found a significant difference in the insulin pulse regularity between the groups with low insulin (control, OLI) and the groups with high insulin (OHI, NIDDM). There was no difference in the insulin pulse regularity between the OHI and the NIDDM groups. Also, measures of the insulin pulse regularity were correlated with the insulin sensitivity, even after controlling for glucose concentration. The reduced insulin sensitivity causes the increased blood insulin. A higher insulin level means a higher insulin pulse amplitude, and due to the properties inherent to the pulse detection method, it may result in more pulses detected. However, more pulses detected do not necessarily equal more pulse irregularity. The pulse irregularity can be defined as a measure of inequality of interpulse intervals, and/or pulse amplitudes. On the other hand, ApEn determines the likelihood that a certain secretory pattern will be the same throughout the sampling period. If that secretory pattern repeats more often, the number of pulses will be increased, but they will be regular, so ApEn will not increase. On the other hand, if we have a small number of distinctly different secretory patterns, we will have a small number of pulses, but they will be irregular. Thus, increased number of detected pulses does not equal more irregular pulses. Therefore, loss of regular insulin pulsatility is not unique to NIDDM, but is associated with the insulin resistant state or the over-worked b-cell.
Glucose, somatostatin, and glucagon modify insulin pulse amplitude but not frequency (23, 25, 26) . Therefore, the changes in pulse frequency might be caused by changes in insulin concentration. Pancreatic islets are widely dispersed within the exocrine pancreas.
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Figure 3
Relation between the approximate entropy (ApEn), the normalized approximate entropy (nApEn), the interpulse interval deviation (IpID), and the HOMA insulin sensitivity. ᓄ, control; S, OHI; A, OLI; e, NIDDM.
where H t i -1 is the hormone concentration at previous time, e is the natural base, k is the elimination rate constant, Dt is the time interval between t i and t i -1 , S t i is the quantity of hormone secreted from time t i -1 to t i , d is the Kronecker delta (unit pulse function) and t i is the error term that is assumed to be normally distributed. For simplicity we will omit d and t i from the following equations, and consider S t i as the quantity of hormone secreted at time t i , expressed in the same units as H t i . Equal sampling intervals are not assumed. The iterative algorithm determines the quantity of hormone secreted (S t i ) and the elimination rate constant (k) minimizing difference between measured and predicted hormone concentrations: 
S t i ¼ H t i ¹ H t i
